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Introduction: Uses of methotrexate (MTX) are well established for the treat-

ment of various types of malignancy, psoriasis, rheumatological diseases and

the medical termination of pregnancy. Formulation and targeting approa-

ches for MTX with controlled release carriers, multiparticulate systems, pro-

drug and drug conjugates have been found to improve bioavailability,

reduce adverse effects and maximize clinical efficacy, compared with

conventional methods.

Areas covered: This exhaustive literature survey on different electronic data-

bases covers drug delivery and clinical trials on MTX. This review deals with

the challenges and achievements of controlled release, multiparticulate, pro-

drug and drug conjugate systems of MTX.

Expert opinion: Therapeutic drug monitoring of MTX is crucial to attain a

good efficacy. In spite of the advantages of multiparticulate, prodrug and

drug conjugates, clinical applications of such formulations of MTX are still

under infancy. These drug delivery systems require the special attention of

medical experts for its wider clinical usage, and pharmaceutical experts

for its scale-up. The combination of MTX with other antineoplastic and

immunosuppressants should also be subjected to clinical trials, such as the

combination of misoprostol with MTX in abortion.

Keywords: abortion, cancer, liposomes, methotrexate, misoprostol, nanoparticles, prodrug and

drug conjugates, rheumatoid arthritis

Expert Opin. Drug Deliv. (2012) 9(2):151-169

1. Introduction

The ultimate goal of pharmaceutical scientist is to maximize therapeutic efficacy and
minimize possible hazards of drug(s). Chemotherapeutic agent needs special atten-
tion of novel drug delivery approaches due to their need at target site. Though con-
ventional dosage forms are simple and economic, they are not as effective as site-
specific drug delivery systems in terms of maximum therapeutic outcomes with
lesser side effects. Though a bit of expensive and high risk of failure during
scale-up, the novel drug delivery systems possess to achieve the ultimate goal of effi-
cacious delivery. Methotrexate (MTX) is clinically used for the treatment of cancer,
autoimmune diseases and induction of abortion with misoprostol.

Sidney Farber and coworkers stated that aminopterin, a folic acid analog dis-
covered (1947) by Yellapragada Subbarao, could cure acute lymphoblastic leuke-
mia in children. The development of folic acid analogs was continued based on
the fact that folic acid supply could worsen the leukemia and deficiency of folic
acid improve the curative action of folic acid analogs. By 1950, MTX (formerly
introduced as amethopterin) replaced aminopterin, the most toxic antitumor
treatment for leukemia [1]. The first results of preclinical and clinical studies
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published in 1956 showed that the therapeutic margin of
MTX was better than that of aminopterin. In the same
year, efficacy of MTX in choriocarcinoma was established [2].
This drug was further explored for many other cancers
either alone or in combination with many other drugs, and
extensively studied for other noncancer indications in the
1970s. In 1988 and 2002, this drug has been approved
by US Food and Drug Administration (FDA) for the treat-
ment of rheumatoid arthritis (RA) and Crohn’s disease,
respectively [3,4].
Fixed-dose combination of MTX and misoprostol is found

to be best for abortion than individual doses. Therefore, present
review deals with the achievements and challenges of MTX
(a chemotherapeutic agent), its drug delivery systems from
conventional to novel approaches along with its clinical aspects.

1.1 Pharmacokinetics
MTX, a Biopharmaceutical Classification Systems class III
drug, is a weak dicarboxylic acid having pKa value 4.7 -- 5.5.
MTX possess low permeability (C logP = 0.53) and poor aque-
ous solubility (0.01 mg/ml) [5]. Its absorption in gastrointesti-
nal tract (GIT) occurs via proton-dependent active transport,
which is partially shared with folic acid. MTX follows saturable
(Michaelis--Menten) kinetics and thus its absorption becomes
dose dependent in GIT [6,7]. Lower doses of MTX have higher
bioavailability (42% for dose < 40 mg/m2) compared with
higher one (18% for dose > 40 mg/m2). Bioequivalent dose
of MTX was compared and mean intramuscular bioavailability
was » 76% compared with 33% (13 -- 76%) via par oral
route [8]. The maximum dose strength is 2.5 mg with narrow
therapeutic window. Therapeutic and toxic plasma concentra-
tion of MTX are 0.005 and 0.01 µg/ml in low-dose therapy
and 2.27 and 4.54, 0.23 and 0.45, and 0.02 and 0.04 µg/ml
on high-dose therapy at 24, 48 and 72 h, respectively [9].
MTX shows high inter- and intra-patient variability in both
serum and cerebrospinal fluid (CSF) [10]. Due to its erratic

gastrointestinal absorption, it has been suggested that the dose
‡ 25 mg or above should be administered parenterally (intra-
muscular most often) [11]. Factors that influence its absorption
include food, oral nonabsorbable antibiotics such as vancomy-
cin, neomycin, bacitracin and more rapid transit through the
GIT such as diarrhea (Table 1). However, slower transit in
GIT such as constipation increases its absorption [11,12]. Plasma
t1/2 of MTX ranges from 2 to 10 h and it gets metabolized
by intestinal bacteria into inactive metabolite 4-amino-
4-deoxy-N-methylpteroic acid (DAMPA) and accounts for
the loss of < 5% of its oral dose.

1.2 Pharmacodynamics
1.2.1 Basic pharmacology
MTX mainly acts by blocking the enzyme dihydrofolate
reductase (DHFR) competitively thereby inhibit the produc-
tion of thymidine (Figure 1). MTX specifically interferes
with mitotic cell division. A clinical condition in which rapid
cell division takes place includes neoplastic disease, autoim-
mune diseases and pregnancy. MTX inhibits syncytialization
of cytotrophoblast thereby in vitro blocking the process of
implantation rather than weakening the implantation site
directly [13].

1.2.2 Adverse effect
The common adverse effects of MTX are nausea, vomiting,
anemia, neutropenia, pulmonary fibrosis, diarrhea, dermati-
tis, bone marrow depression, mucositis, bruising, hepatitis,
and so on. MTX shows dose- and duration-dependent tera-
togenicity. The fact had been justified by Savion et al. by
studying the effect of MTX on Bax wild-type (WT)
cell [14]. MTX is found to be iatrogenic too. Four cases of
fatal MTX intoxication due to medical malpractices were
reported in Tubingen Institute of Forensic Medicine, China,
which showed the severe consequences of MTX overdose
10 mg (in two cases), 15 mg (in one case) and 20 mg

Box 1. Drug summary.

Drug name Methotrexate
Phase Phase I, Phase II
Indication Cancer, abortion, rheumatoid arthritis, psoriasis and other autoimmune diseases
Mechanism of action Inhibition of dihydro folate reductase (DHFR), interleukins (IL-1, IL-6, tumor necrosis

factor 1 (TNF) activity and other inflammatory cytokines
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(in one case) MTX daily instead of weekly leading to severe
mucositis and death [15-17].

2. Methods of targeted drug delivery and
controlled release systems of MTX

2.1 Controlled/Sustained release formulations
Variation in plasma t1/2 of MTX requires repetitive adminis-
tration within therapeutic range for its optimal bioactivity, as
the cytotoxicity of MTX is purely dependent on mean resi-
dent time (MRT) in plasma [18]. An encapsulated lipid-
based drug delivery system for cutaneous administration of
MTX, developed by Bonetti et al., showed increased plasma
t1/2 from 0.53 to 100 h (190 times) and lower Cmax

(120 times) than encapsulated drug with similar AUC.
This extended-release formulation was 130 times more
potent against L1210 leukemia cells without significant
change in therapeutic index [19,20]. Similar formulation was
developed for intracavitary administration and apparent t1/2

was increased from 0.5 (unencapsulated MTX) to 39.6 h
(encapsulated MTX) [21].

Another lipid-based formulation prepared by Chatelut et al.
showed increased t1/2 from 0.30 (unencapsulated) to 5.4 days
(encapsulated) via intracisternal route [22]. The plasma drug
level of MTX was maintained within therapeutic range with
better antitumor activity for a longer period by chitosan micro-
spheres [23]. A water-in-oil microemulsion-based controlled
release (CR)-MTX emulsion suppresses tumor cell growth on
multiple tumors and acts more predominantly by inducing
apoptosis with longer duration of action [24]. MTX implants
in external femoral condyle of rabbit showed prolonged release
due to the phenomena of adsorption/desorption of MTX
onto deficient apatite with calcium phosphate, which favors
increased antirheumatic activity [25].

These controlled/sustained release (CR/SR) formulations
have overcome the frequency of administration of MTX by
providing controlled delivery to absorption sites but neither
was able to achieve targeting approach nor minimized adverse
effect significantly.

2.2 Effect of different routes of administration
The pharmacokinetics of MTX is purely dependent on route of
administration. In order to compare the effect of route of
administration of MTX level in CSF and blood in rats, it was
found that the plasma levels from intranasal administration
were significantly lower than that after intravenous (i.v.)
administration. While concentration achieved in CSF after
intranasal administration were significantly higher compared
with i.v. administration [26]. The experiment favored intranasal
route for CSF targeting compared with i.v. route. To access the
efficacy of MTX, 33-week randomized double-blind, placebo-
controlled crossover trial were designed. In this clinical trial,
once-weekly 15 mg dose of MTX and placebo were compared
for the treatment of chronic asthma, which would further
reduce risk of exposure to steroids and its harmful effects [27].

Doddoli and his coworker administered MTX-Liposome
(LSP-MTX) with a polymerized core (LSP) and free MTX
into anesthetized rat by pulmonary instillation. They found
that LSP-MTX was not oriented to spleen or kidney rather
retained in alveolar tissues but free form of drug was cleared
by reticuloendothelial system (RES). This liposomal approach
can be used for pulmonary targeting of MTX and other anti-
neoplastic drugs [28]. MTX was injected via transcutaneous
puncture at the level of cisterna magna in a rodent model rep-
resenting cognitive and neurotoxic effects. A significant reduc-
tion in folate level in CSF and serum was seen. However,
homocysteine level in CSF was increased. The experiment
supports for the establishment of an animal model for
intrathecal delivery of MTX [29]. Cytotoxic study of MTX
was performed in mouse bone marrow by Choudhary et al.
Single intraperitoneal administration with three different
doses (2, 10 and 20 mg/kg) were given. MTX was more clas-
togenic in male mice than the females. The intermediate dose
(10 mg/kg) was found more effective than other doses [30].

Article highlights.

. Methotrexate (MTX) is a weak dicarboxylic acid
belonging to Biopharmaceutical Classification Systems
class III, which acts by inhibiting dihydro folate
reductase enzyme.

. Oral absorption of MTX is capacity limited and dose
dependent. Thus controlled/sustained release
formulation enhances its bioavailability over
conventional formulations.

. Therapeutic drug monitoring (TDM) of MTX is prime
requisite for treatment strategy due to its narrow
therapeutic window and to minimize its side effects.

. Among various multiparticulate systems, liposomes and
nanoparticles seem promising tool for site-
specific delivery. However, they possess size-
dependent property, stability and scale-up problems.

. The prodrug and drug conjugate approach suits best for
targeted drug delivery and seems to be more specific
than multiparticulate systems with least stability and
scale-up issues. However, presence of specific functional
group is mandatory for conjugation.

. Strong antileishmanial effect of MTX has been
established due to its inhibitory action against
dihydrofolate reductase.

. Clinical uses of MTX in cancer are well reported.
However, MTX is not a versatile drug for all types of
cancer and drug resistance is common.

. MTX is the preferred disease-modifying antirheumatic
drug but not preferred among second-line antirheumatic
drugs for patient with active rheumatoid arthritis (RA).
There is less information available on tolerability,
potency and safety on psoriatic arthritis treatment with
MTX but abundant information is available on systemic
manifestation of RA.

. A fixed-dose combination of MTX and misoprostol is
best suited for medicolegal termination of pregnancy
than single-dose regimen of MTX or misoprostol.

This box summarizes key points contained in the article.
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It has been concluded from the above discussion that, first,
some routes of administrations can be alternative approach for
the targeting of MTX, but they may be selective and not
optional for all kind of patients and drugs. Second, the alter-
ation in route of administration has not yet overcome the
problem of adverse effect at all.

2.3 Novel drug delivery systems

2.3.1 Microspheres
Microspheres are designed for prolonged release and improved
pharmacological activity with reduced side effects. In this con-
text, biodegradable hydrophilic gelatin microspheres of MTX
in three different particle sizes (1 -- 5, 5 -- 10, 15 -- 20 µm)

Table 1. Drug interaction of methotrexate (MTX) with different drugs.

Drug Effect Mechanism Ref.

NSAIDs, nephrotoxins, celecoxib b-lactams
(penicillins, cephalosporins, carbapenems and
monobactams), sulfonamides, phenylbutazone,
probenecids, cisplatin, amphotericin-B,
aminoglycosides, Pueraria lobata root decoction
(Isoflavone)

Increases toxicity of MTX Decreases renal
Elimination of MTX

[11,127,16]

Phenylbutazone, salicylates
probenecid, barbiturates, phenytoin,
sulfamethoxazole, barbiturate, probenecid,
tranquilizers, cefoperazone

Increases toxicity of MTX Displacement from serum
albumin binding

[11]

Nonabsorbable antibiotics, vancomycin,
neomycin, nystatin, polymyxin-B

Decreases efficacy of
MTX

Decreases absorption of
MTX in GIT

[11]

Trimethoprim--sulfamethoxazole, ethanol,
phenylbutazone

Increases toxicity of MTX Pharmacodynamic
enhancement of MTX
toxicity

[11]

6-Mercaptopurine, other purine and pyrimidine Increases efficacy of MTX Synergistic mechanism [17,18]

Dexamethasone Increases hepatotoxicity
of MTX

Reduces biliary
elimination of MTX

[18]

Digoxin Decreases digoxin effect Reduces absorption [19]

GIT: Gastrointestinal tract; NSAIDs: Nonsteroidal anti-inflammatory drugs; MTX: Methotrexate.

Folic acid

MTX

NADP

PSRNADNA

THFA

DHFA

TS

dUMP

Cell

dTMP

DNA synthesisde novo

Cell division
(Normal cell + Tumor cell)

Embryonic development
(pregnancy)

NADPH+H+

DHFR

Figure 1. Schematic representation of mechanism of action of MTX.
DHFA: Dihydro folic acid; DHFR: Dihydro folate reductase; DNA: Deoxy ribonucleic acid; dTMP: Thymidylate; dUTP: Deoxyuridylate; MTX: Methotrexate;

NADP: Nicotinamide adenine dinucleotide phosphate [13]; NADPH+H+: (reduced NADP); PS: Protein synthesis; RNA: Ribonucleic acid; THFA: Tetrahydro folic acid;

TS: Thymidylate synthase.

Methotrexate
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were prepared by polymer dispersion technique and cross-
linked with glutaraldehyde. All had shown zero-order release of
MTX for approximately 6 days in simulated gastric fluid and
5 -- 8 days in simulated intestinal fluid. The in vitro drug release
rate through these microspheres possessed inverse relation with
particle size [31]. In an attempt to make magnetic microspheres
of MTX (MM-MTX) by conjugation/complexation, MTX
was PEGylated with PEG1500 to form a polyethylene glycol--
MTX conjugate. (PEG-MTX) were subsequently added to
a ferrous/ferric salt solution to give MM-MTX-I magnetic
microspheres or PEG was added to ferrous/ferric ion salt solu-
tion coupled with MTX to form MM-MTX-II. In vivo releases
from MM-MTX-I and MM-MTX-II in rat plasma were found
approximately 97 (w/w) and 74% (w/w) over 24 h, respectively.
The study showed that magnetic microspheres prepared by
conjugation/complexation are stable and good candidate [32].
MTX-loaded poly lactide co-glycolide (PLGA) microspheres
showed triphasic and molecular weight-dependent drug release.
Its antitumor efficacy in Sarcoma-180 tumor-bearing mice
showed increased MRT (18 ± 2.7 days) compared with plain
subcutaneous injection (8 ± 0.7 days) along with CR [33].

Narayani et al. has studied MTX efficacy toward the solid
tumor fibrosarcoma in Wistar rats. Injectable gelatin micro-
spheres (10 -- 20 µm) containing freeMTX (GMFM) and cova-
lently conjugated gelatinMTX using carbodiimide (GMCM-I,
GMCM-II and GMCM-III) coupling were prepared. The
MTX-loaded gelatin microspheres showed controlled release
by gradual degradation of the spheres and concomitant
diffusion of drug with enhanced antitumor activity compared
with free MTX in the order of GMCM-I > GMCM-II >
GMCM-III [34]. MTX-loaded immunomicrospheres, prepared
by glutaraldehyde activation method, showed selective affinity
for antigen-positive human leukemia cell line with less than
3% binding to nonspecific cells [35]. Radioactive microspheres
of [H3] MTX--human serum albumin (HSA) conjugates with
particle size of 10.0 -- 22.4 µm were injected into tail vein of
mice. It had shown that total radioactivity in the lung increased
immediately in a fewminutes followed by gradual decrease after
3 -- 4 weeks, apparently reaching up to a plateau phase. In con-
trast to lung, the radioactivity in liver, spleen and kidney
increased slowly during the rapid depletion in radioactivity
from lung. This suggested that small and large microspheres
could be entrapped rapidly in lung through mechanical filtra-
tion owing to their large particle size and slowly redistributed
to the liver, spleen, kidney and other parts of body [36].

MTX microspheres have overcome some pharmacokinetic
and pharmacodynamic problems associated with conven-
tional microspheres. However, these microspheres could be
modified up to certain extent only by conjugation of some
biocompatible polymers.

2.3.2 Liposomes
Being low-permeability drug, it is expected that pharmacoki-
netics of MTX could be improved by liposomes. Liposomes
are microscopic vesicles made up of variety of lipid (mainly

phospholipids and cholesterol) bilayers behaving as mem-
brane surrounding the aqueous compartment inside, which
makes it more accessible by biological membrane. A lot of
research work has been highlighted toward application of lip-
osomes in cancer treatment. A comparison has been made on
liposome-mediated delivery of MTX-g-aspartate to cell sus-
pensions. It has been found that egg phosphatidyl glycerol,
dioleoylphosphatidyl glycerol and dilaurylphosphatidyl glyc-
erol containing liposomes inhibited cell growth more than
dimyristoyl phosphatidyl glycerol and dipalmitoylphospha-
tidyl glycerol liposomes [37]. Similarly, negatively charged
MTX-g-aspartate liposomes were found more efficient for
in vitro drug delivery with improved pharmacokinetics than
neutral liposomes [38].

Kotsifaki et al. studied the targeting of MTX-loaded lipo-
somes toward Tetrahymena pyriformis cells, which showed
time- and concentration-dependent uptake of entrapped
MTX. Surprisingly, the inhibitory effect of 4.5 µm MTX-
loaded liposomes was equivalent to free MTX. It was found
that liposomes prepared by phospholipids and/or ganglio-
sides extracted from T. pyriformis cells had shown three times
higher uptake than liposomes made up of commercial
phospholipids [39].

The lipid bilayer in liposomes act as a good barrier to pass
ionic and polar molecules, the permeability of which can be
enhanced in their gel-to-liquid crystalline phase transition
region. For this, thermosensitive liposomes have been pre-
pared for cancer cell targeting. The transition temperature
of 1, 2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) is
41.5�C just above the body temperature, which owes
enhanced permeability and drug release at phase transition [40].
This principle was first used by Zhua et al. to produce ther-
mosensitive magnetoliposome (TMs) by reverse-phase evapo-
ration method in which MTX was encapsulated with DPPC
and cholesterol to target skeletal muscle. Almost 60% of the
drug at 37�C remained inside up to 24 h within TMs. How-
ever, more than 80% of MTX was released when temperature
was raised from 37 to 41�C [41]. Immunoliposomes (ILs) pre-
pared by the extrusion technique inhibited growth of
A431 cells but had no effect on the growth of normal human
fibroblastic cell lines. However, ILs prepared by reverse-
phase evaporation technique were found less effective for the
inhibition of A431 cell proliferation as compared with free
drug [42]. The lymph node targeting and the pharmacokinetics
of [3H]MTX-loaded neutral large unilamellar vesicles
(NLUV) and IL were compared with free [3H]MTX after i.
v. or i.m. injection to rats. It was found that the plasma radio-
activity declined slowly after i.v. injection of the NLUV or IL
compared with [3H]MTX. This study has given idea about
feasibility of lymph targeting of NLUV or IL than free [3H]
MTX approach [43].

In another study for the treatment of encephalomyelitis by
MTX liposome, the feasibility of antigen targeting was evalu-
ated. It was found that antigen-sensitive liposomal MTX
inhibits proliferation of sensitized lymphocytes more than

Khan, Tripathi & Mishra
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nonsensitized lymphocytes with enhanced cytotoxic effect than
nontargeted liposomes [44]. Similar approach was employed by
Noe et al. in order to study the inhibition of cell proliferation
with antibody-targeted liposomes. Liposomes containing
MTX-g dimyristoyl phosphatidyl ethanolamine (MTX-g-
DMPE) were covalently coupled with protein A. The coupling
permitted specific association of liposomes in vitro with
murine cells, which was previously incubated with protein A-
binding monoclonal antibodies (mAb). It was observed that
in the absence of antibody, MTX-DMPE liposomes did not
result in greater binding to cells than liposomes made without
MTX-g-DMPE [45].
Singh et al. reported that the inhibitory effect of mAb

(DAL K29) targeted MTX-containing liposomes as small uni-
lamellar lipid vesicles (SULV) on human renal cancer. Tumor
model was developed after intraperitoneal injection of
5 � 106 cells of the human kidney cancer line Caki-1. This
study had showed that DAL K29 linked MTX-loaded
SULV was more potent inhibitor (p < 0.0005) instead of
free drug or mAb alone [46].
Topical delivery of drug is another key area for the applica-

tion of liposomes. In order to study the effectiveness of dermal
administration of MTX, deformable liposome were prepared
using soybean lecithin phosphatidyl choline (PC) or hydroge-
nated lecithin (HPC) as phospholipid carrier and dipotassium
glycyrrhizinate (KG) as surfactant in ratio of 2:1 and 4:1 (w/w)
respectively. Almost four times higher permeation of MTX
through pig skin was found from the liposomes containing
KG compared with normal liposomes. No significant differ-
ence in permeation between PC-KG liposomes and HPC-
KG liposomes were seen. On administration of deformable
liposomes, 50% of the administered dose was found in skin.
Study revealed that liposomes containing KG was effective
in the treatment of psoriasis [47].
Structurally liposome resembles to the niosome. The only

difference is that, instead of phospholipids in liposome, nio-
some consists of nonionic surfactants [48]. Niosome of MTX
developed by Azmin et al., using nonionic surfactant, choles-
terol and dicetyl phosphate, has shown increased gastrointesti-
nal absorption, liver and brain uptake owing to increased
permeability when injected in mice via i.v. route. They also
reported that biotransformation of MTX into 7-hydroxy
MTX was also significantly reduced, which further resulted
in increment of plasma t1/2 of MTX [49].
It has been found that liposomes are more compatible to

body tissues and could be efficient approach for site-specific
delivery to enhance efficacy and minimize side effects. Bio-
availability and pharmacokinetic problems could be resolved
by lipid-based formulation. However, the particle size, stabi-
lity and scale-up have always remained a great challenge to
formulation scientist. The lipids/cholesterols present in lipo-
some are prone to oxidation and rancidity. Lipid-soluble
drugs will exhibit more entrapment efficiency compared
with lipid-insoluble or least soluble drugs. Thus liposome
does not suit for hydrophilic drugs.

2.3.3 Nanoparticles
2.3.3.1 Basic principle of cancer treatment and targeting

with nanoparticles
The use of nanoparticles for cancer treatment is based on the
fact that nanoparticles will release the active pharmacological
moiety on tumor cells owing to enhanced permeability and
retention effect.

Cancer treatment can also be done by active targeting of
cancer cells by ligands present on the surface of nanoparticles.
First, effectiveness of treatment is directly related with recog-
nition of target cell and to kill the cancer cells without affect-
ing healthy cells. Second, the nontumor cells are less
permeable to nanoparticles limiting the drug distribution
only to tumor cells [50]. This phenomenon is helpful in active
and site-specific targeting of MTX-loaded nanoparticles.

2.3.3.2 Polymeric nanoparticles
The PEGylation of nanoparticles enhances circulation time and
permeability of nanoparticles or liposomes [51]. Gao and Jiang
studied the effects of particle size of polysorbate 80-coated pol-
ybutyl cyanoacrylate nanoparticles (70 -- 345 nm) of MTX and
its transport across blood--brain barrier (BBB) in rats. Coated
nanoparticles exhibited higher concentration in brain than
uncoated nanoparticles [52]. Yang et al. had prepared MTX-
loaded nanoparticles (261.9 nm) of methoxy poly(ethylene
glycol)-grafted-chitosan (mPEG-g-CS) conjugates by dialysis
method via formaldehyde linkage. They proposed that contin-
uous drug release (‡ 50%) in 48 h from mPEG-g-CS can be
used as potential sustained release carrier of MTX [53].

Cationic bovine serum albumin (CBSA) and conjugated
polyethylene glycol-poly (lactide) (PEG-PLA) (CBSA-NP)
were tried as MTX carrier by Lu et al. These conjugates
were prepared in different CBSA density, conjugated system
and unconjugated system in order to assess brain delivery
property and accelerated blood clearance using 6-coumarin
as fluorescent probe in mice. The result across BBB showed
that the increase in CBSA density of nanoparticles increases
the BBB permeability-surface area but decreased blood
AUC. The optimized conjugated system acquires higher con-
centration in brain by two to three times compared with
unconjugated system [54]. A novel class of lipid nanoparticle,
lipoprotein-mimicking biovectorized systems (LMBVs) for
the delivery of MTX (70 -- 76 nm), was prepared by Utreja
et al. using microemulsion congealing technique. Palmitoyl
polyethylene glycol 4000 (p-PEG 4000) anchored on LMBVs
as apoprotein analog reduced the zeta potential and enhanced
stability with zero-order release [55].

2.3.3.3 Solid lipid nanoparticles
Mulla et al. prepared MTX-loaded solid lipid nanoparticles
(SLNs) using glyceryl monostearate, tripalmitin and tristearin
as lipid carriers. The SLNs showed initially burst followed by
controlled release of MTX [56]. Another MTX-loaded SLN
was prepared by Ruckmani et al. using MTX, stearic acid and
soya lecithin in the ratio of 1:4:1, 1:4:1.5 and 1:4:2 with an
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average size of 270 nm. The t1/2 and MRT were increased than
plain MTX solution. Life span of Ehrlich Ascites Carcinoma
(EAC)-bearing mice was increased too [57]. In a study of topical
treatment of psoriasis, MTX-loaded SLNs were incorporated in
gel using Compritol 888, cetyl alcohol, stearic acid as lipid car-
rier and Tween 80 as surfactant. The entrapment efficiency was
found to be 52.16%. In vitro skin deposition studies showed
significantly higher deposition of SLN through skin [58]. Topi-
cal delivery of nanogel of MTX consisting of copolymerized N-
isopropylacrylamide (NIPAM) and butylacrylate (BA) polymer
in the presence of Na2CO3 was studied by Singka et al. Porcine
epidermal membranes mounted in Franz diffusion cells ex vivo
were used. MTX-loaded nanogel when applied showed 33 and
57% reduction in PGE2 level in absence and presence of
Na2CO3, respectively [59].

Nanoparticles of MTX have proven as useful commodity
in bioavailability and pharmacokinetic enhancement with
minimum or no side effects. The rancidity problem seen
in liposome can be overcome by nanoparticles. SLNs are
promising agents for site-specific delivery and are more
effective compared with polymeric nanoparticles. Further-
more, its commercialization and stability problems are the
challenges remained to be resolved. The stability problems
are mostly seen in multiparticulate systems compared with
conventional formulations.

2.3.4 Miscellaneous multiparticulate systems
Resealed erythrocytes are gathering wider interest as targeted
drug delivery carriers for cancer treatment and gene delivery.
In the context of carrier-mediated delivery of MTX for liver
targeting, Mishra et al. conjugated MTX with N-hydroxy-
succinimide ester of biotin (NHS-biotin) and loaded on
erythrocyte. The macrophage uptake and phagocytic index
of these modified erythrocytes were found to be two times
more compared with nonbiotinylated drug-loaded cells and
higher stability assessed by glycerol lysis in rat. Their finding
supports that erythrocyte could be used as a potential novel
carrier for liver targeting with excellent stability and
biocompatibility [60].

Trotta et al. studied the effect of counter ions (monooctyl
phosphate, monodecyl phosphate, etc.) on mouse skin for per-
meation of MTX from water in oil microemulsion containing
lecithin (surfactant) and water--propylene glycol (internal
phase) at different pH. Permeation was increased due to lipo-
philization of MTX as a consequence of ion pair formation.
It could be concluded that the topical delivery of MTX greatly
enhanced once formulating the drug as ion pair with sodium
dodecyl sulfate and dioctyl sulfosuccinate [61].

Lymphatic targeting is a good approach to eliminate first-
pass metabolism. MTX-loaded chylomicron mimicking carrier
emulsion consisting of Compritol 888 ATO (CA, lipid core)
and soya lecithin (PC, stabilizer) were prepared by Paliwal
et al. The mean particle size and drug entrapment efficiency
were 160.3 ± 10.2 nm and 72.8 ± 6.5%, respectively The
in vivo studies were carried out in albino rats and performance

were estimated by collecting blood and lymph. The formula-
tion showed increased concentration in lymph [62]. Self-
aggregates of MTX-loaded poly(2-hydroxyethyl aspartamide)
copolymers were prepared by Kang et al. It was found that
the amphiphilic nature of the drug induces initial burst release
in the buffer medium. Irrespective to the amount of octadecyl
chains, PEGylation with MTX suppressed the initial burst
release [63].

MTX-encapsulated dendrimers composed of polyether-co-
polyester (PEPE) with varying degree of orientation were pre-
pared. It was observed that increase in the number of branches
with PEGylation and size of internal voids increases encapsu-
lation efficiency. Whereas loading efficiency gets reduced in
the absence of aromatic rings that may act as branching units
to trap the drug moiety. Increase in the number of branching
decreases this initial burst release while absence of aromatic
rings in dendritic structure promotes rapid release [64].
Latallo et al. prepared PAMAM dendrimers in which the
MTX and folic acid were attached. They injected these conju-
gates in immunodeficient mice bearing human KB tumors
that overexpress the folic acid receptor. Folate-conjugated
nanoparticles were concentrated in the tumor and liver tissue
over 4 days after administration compared with nontargeted
polymer. Prior i.v. injection of free folic acid could attenuate
tumor tissue localization of the PAMAM dendrimers [65].

2.3.5 Prodrug and drug conjugates
2.3.5.1 Mechanism of action and drug release
MTX has been used as the active component of macromolec-
ular prodrug. Presence of carbonyl and amino group at termi-
nal position of MTX makes it good candidate for conjugation
(Box 1). MTX is found stable within lysosomal acidic environ-
ment suggesting lysosomotropic mechanism for activation of
drug [66]. Fitzpatrick and Garnett studied mechanism of
action of MTX-HSA-mAb conjugates and found lysosomal
digestion of conjugate for its release at target-specific
drug [67]. A list of prodrugs and conjugates of MTX with their
importance has been summarized in Table 2.

2.3.5.2. Pharmacological actions and methods of drug

targeting
Several literatures are available on conjugation and targeting
of MTX with peptides [68-70], antibodies [71-74], enzymes [75,76],
target carrier system [77], serum albumin [78], radiolabeled pep-
tides [79,80]. In a study, MTX was conjugated with gelatin
using 1-ethyl-3-(diaminopropyl) carbodiimide HCl (EDC).
The effect of different variables (pH, amount of conjugating
agent on release characteristics, composition and stability of
conjugate was studied by Kosasih et al. MTX released from
the conjugates at different temperatures such as 25, 37 and
50�C, in isotonic solution, had no effect of gelatin molecular
weight with approximately linear release and first-order
release rate constant [81]. Growth inhibition study in different
molar ratio (MR) of MTX:gelatin conjugate ranged from
1:1 to 27:1. It was found that higher MR conjugates produced
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less growth inhibition, greater stability and less gelatin degra-
dation in conjugate by lysosomal enzyme Cathepsin B com-
pared with low MR conjugates [82].

In another study to improve antineoplastic selectivity by
prodrug approach, MTX was acylated with various a-amino
acids at 2-amino group position, which are predicted to be
hydrolyzed by aminopeptidase enzyme localized/targeted to
tumor cells. Prodrug conjugation of MTX with L-pyroglu-
tamyl compound, L-leucyl, L-valyl, L-isoleucyl, D-alany and
L-pyroglutamyl derivatives decomposed slowly when incu-
bated in phosphate buffer (pH 7.3) and readily hydrolyzed
to free MTX by aminopeptidase M. These derivatives were
considerably lesser cytotoxic than MTX, except L-leucyl deriv-
ative (cytotoxic). These results indicate that 2-L-leucyl-MTX
failed as a prodrug since it gets activated prematurely by
serum enzymes [83].

A second-generation prodrug in MTX a-peptide series was
designed for activation of MTX by CP-mAb conjugates,
MTX-a-phenylalanine (MTX-Phe). Prodrug was prepared
by reaction of the p-nitrophenyl ester of 4-amino-4-deoxy-
10-methylpteroic acid with L-glutamyl-a-L-phenylalanine.
Conversion of MTX-Phe to MTX by bovine pancreas car-
boxypeptidase A (CP-A) was 250-fold faster than correspond-
ing reaction involving MTX-a-alanine. Thus earlier one was
the best MTX peptide substrate for the enzyme. The amount
of CP-A required to make MTX-Phe equitoxic with MTX, on
human lung adenocarcinoma cells (UCLA-P3) in vitro was
10 times lower [84].

In another study for selective targeting of MTX on human
ovarian teratocarcinoma cells (CRL-1572), prodrug MTX-
phenylalanine (MTX-Phe) was conjugated with mAb-4E3
and bovine CP-A conjugate (4E3 + CPA). In vitro cytotoxic
assay of CRL-1572 cells showed that prodrug alone was non-
toxic but conjugated prodrug enhances its pharmacological
activity (ID50 of 70 ng ml-l) in considerable amount in a
selective manner [85].

Pignatello et al. studied inhibition of lipophilic MTX--
lipoamino acid conjugates on bovine liver DHFR against
MTX-sensitive human lymphoblastoid (CCRF-CEM) cells
and an MTX-resistant subline (CEM/MTX). Experiment
revealed that CEM/MTX cells were very less susceptible to
inhibition than CCRF-CEM cells by a- or a,g-substituted
lipoamino acid conjugates. However, both cell lines were
almost equally sensitive to the MTX-g conjugates. This exper-
iment proved that lipophilic MTX conjugates may be good
lead compounds in the drug development for the treatment
of some MTX-resistant tumors [86].

Li and Kwon studied micelle-like structure of MTX conju-
gate. They attached MTX on poly(ethylene oxide)-block-poly
(2-hydroxyethyl aspartamide) (PEO-b-PHAA), based on the
assumption that attachment ofMTXon PEO-b-PHAA through
an ester bond, the amphiphilic conjugate would gradually release
MTX due to unfavorable hydrolysis of nonpolar core. 1H-NMR
analysis showed that PEO-b-PHAA-MTX conjugates were
self-assembled to form supramolecular structure where MTX

was residing in a site with highly restricted mobility. They con-
cluded that PEO-b-PHAA-MTX conjugate micelles may help
to improve the biodistribution of MTX and help to overcome
drug resistance [87].

Kaasgaarda et al. synthesized two lipophilic analog of
MTX in which C15-alkyl chain attached to g-carboxylic
acid in one of the analog and in other analog additional ben-
zyl group attached to a-carboxylic acid. They studied the
cytotoxicity of prodrug against KATO III and HT-29
human colon cancer cells were independent of alkylation of
g-alkylated compound. However, addition of benzyl group
at a-carboxyl group rendered the compound to be nontoxic.
It was concluded that alkylated MTX analogs were avai-
lable only for cancer cell uptake, independent of liposome
hydrolysis and resulting in a tumor-specific release of MTX
derivative [88].

The above described strategies employed single enzyme or
cell targeting. In another approach, Santos et al. targeted
MTX by aminopteroyl-based hydroxamate derivatives to target
both matrix metalloproteinase (MMP) and DHFR for antitu-
mor activity. This new hydroxamate derivative of MTX was
found to be effective inhibitor of MMPs and DHFR within
micromolar and nanomolar concentration, respectively, and
showed strong antiproliferative activity against A549 cells
(non-small cell lung carcinoma), PPC-1 and Tsu-Prl prostate
cancer cell lines [89].

Mctavish et al. found that the insulin-like growth factor
(IGF) receptor is overexpressed on many types of cancer cells
and could be used to target MTX to tumor cells. MTX
IGF-1 conjugate was found more effective than free MTX
at 6.25 times lower dose in vivo [90]. Subr et al. conjugated
MTX with hexamethylene diamine (HMDA) by modifica-
tion of a-carboxylic [HMDA-MTX(I)] and g-carboxylic
[HMDA-MTX(II)] group of glutamic acid. The two conju-
gates, HMDA-MTX(I) and HMDA-MTX(II), were coupled
with poly[N-(2-hydroxypropyl) methacrylamide] via oligo-
peptide (-GlyGly-, GlyLeuGly- and Gly-DL-PheLeuGly)- as
spacers. The result showed that release rate of HMDA-
MTX(I) and HMDA-MTX(II) from the polymer was
dependent on the detailed structure of prodrug, which could
be controlled by structural modification of oligopeptide
spacer [91]. An MTX conjugate prepared by nonselective
amide formation had shown the release of only 5% of free
drug after 48 h in the lysosomes [92].

Many antibody-directed enzyme prodrug therapy (ADEPT)
have been employed for cancer targeting of antineoplastic
agent including MTX. It could be done by two-step process.
In step-I, the prodrug targeted enzyme--antibody (EA con-
jugate that activates prodrug) conjugate is administered. In
step-II, antibody--drug (prodrug conjugate) conjugate is admin-
istered. EA conjugate administered previously in step-I gets ori-
ented toward tumor cells (Figure 2). In step-II when prodrug
conjugate is administered, it is selectively cleaved by EA conju-
gate at tumor site and thus active drug is released at tumor
site [92,93].
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Based on this principle, two analogs of MTX, MTX-a-
3-cyclobutylphenylalanine and MTX-a-3-cyclopentyltyrosine
(prodrug conjugate), and enzyme human carboxypeptidase
A1 (hCPA1) and T268G] were conjugated with ING (an
antibody that binds to tumor antigen, Ep-Cam) to make
ING-1:hCPA1-T268G (EA conjugate). The results of EA
conjugate showed excellent activation of prodrug to kill
HT-29 cells as efficiently as MTX itself at targeted site [94].
To reduce the toxic effects of folic acid in host cell, MTX

was coupled in two ways: directly to anti-Ly-2.1 antibody
(approximately 10 molecules of MTX per antibody molecule)
and indirectly to HSA (approximately 24 molecules of MTX
per antibody molecule). It was found that direct coupling
leads to loss of potency of MTX (30-fold less potent than
free MTX). Whereas indirect coupling of MTX-HSA conju-
gates were three to five times less potent compared with free
MTX. However, both conjugates were more specific. It has
also been found that increase in the number of drugs per
conjugate led to increased cancer cytotoxicity [67,95].
The combined properties of hyaluronic acid (HA) and

MTX were used for rationale treatment of osteoarthritis.
HA alone reduces pain but do not fully control inflammation.
Oral MTX has anti-inflammatory activities, but side effect is
severe. In osteoarthritic treatment, Homma et al. used HA,
a synovial fluid having a lubricating effect for conjugation.
HA--MTX conjugate produced a significant reduction of
knee swelling in antigen-induced arthritis in rat. Whereas
free MTX or HA or a mixture of both showed no significant
effects [96].
Conjugation and prodrug approach have been found to be

most suitable for selective delivery and recognition within
special tissues or cells. First, the development of prodrug

and conjugates is exclusively attributed to availability of spe-
cific functional group or conjugating agent. Thus prodrug
and conjugation systems did not need much attention regard-
ing particle size and stability-related issues and thus they pos-
sess least size stability problem, which remained major
challenge among multiparticulate systems. Second, scaling-up
of prodrug-based formulations is easier than others. However,
presence of complementary functional group is the mandatory
requirement for conjugation between drug and conjugating
agents. All the targeted drug delivery systems of MTX are
limited only up to research laboratory and have not been
practiced for clinical applications and treatment.

3. Antileishmanial effect of MTX

MTX shows strong antileishmanial effect due to its inhibitory
action against DHFR. Chakraborty et al. showed that MTX
coupled to mannosyl BSA strongly inhibits the growth of
leishmania parasites inside macrophages by binding specifi-
cally to the mannose receptor on macrophages (100 times
more active than free MTX). These mannosylated coupled
MTX are internalized and degraded in lysosomes and subse-
quently release the active drug to act on the parasites [97,98].
MTX conjugated with mannosylated albumin, which targeted
to macrophages via scavenger receptors, has been shown to
inhibit leishmaniasis [99,100]. This approach could also be
used for targeting of other antileishmanial drugs.

4. Clinical aspects of MTX

4.1 MTX in cancer treatment

4.1.1 Specific pharmacology
MTX acts by blocking DHFR enzyme, which converts
dihydro folic acid (DHFA) to tetrahydro folic acid (THFA)
(Figure 1). This inhibition of THFA causes failure of protein
synthesis (central dogma). Ultimately, inhibition of protein
synthesis delays or inhibits cell division. Thus the growth of
dividing cell gets inhibited.

4.1.2 Clinical indication
MTX is one of the oldest, most commonly used and highly
efficacious antineoplastic drugs (Figure 3B). Urothelial carci-
noma is a chemosensitive malignancy. Phase II data of clin-
ical trial showed 29% response. Treatment with cisplatin
and MTX is considered as superior combination for urothe-
lial cancer [101]. In a clinical study conducted on 105 women
subjects with low-risk gestational trophoblastic neoplasia,
the efficacy of single-dose MTX was accessed. An i.v. bolus
of 100 mg/m2 of MTX followed by in fusion of 200 mg/m2

over 12 h was administered. The remission rate was found
to be 84 and 44% in women acquiring single-dose regiment.
In a woman failing single-dose MTX regimen required
further doses of MTX, the hCG level prior to treatment
was found to be higher [102]. In another study, MTX alone
was given to 337 patients of nonmetastatic gestational

Prodrug conjugate

EA conjugate get oriented to tumor cells

Dosing of EA  conjugate

Enzyme Antibody (EA) Conjugate

Prodrug Free drug

Converted into

Activates Acts on

Dosing of prodrug conjugate

Step - ll

Step - l

Figure 2. Schematic representation of mechanism of action

of antibody-directed enzyme prodrug therapy.
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trophoblastic tumors. Of that, 253 patients (75.0%) were
treated initially with MTX (0.4 mg/kg/day alone intrave-
nously) for 5 days, repeatedly every 14th day. All 337 showed
complete cure among which resistance developed in 27 [103].

Kohne conducted Phase-II clinical trial and studied that
the cytotoxic behavior of MTX and N-phosphonacetyl-L-
aspartate acid (PALA) modulates the cytotoxic effects of
5-fluorouracil (5-FU). To evaluate the toxicity and efficacy
of PALA/MTX and 5-FU, study has been conducted with
effective dose scheduling of PALA/MTX/5-FU to treat colo-
rectal cancer and hyperglycemia, which is a common side
effect in diabetic patients requiring therapeutic drug moni-
toring (TDM) [103,104]. Hematological, gastrointestinal and
renal toxicity assessment in 24 h showed that TDM of
MTX can reduce the toxicity of MTX. Combination of
MTX with ifosfamide, etoposide and cytarabine has showed
increased toxicity [105]. Results of a randomized Phase II
study, comparison of effect of docetaxel with MTX in
patients suffered from recurrent head and neck cancer
showed that docetaxel and MTX had an overall survival of
3.7 versus 3.9 months and time to progression of 1.97 versus
1.5 months, respectively [106].

Clinical use of MTX in cancer treatment is well established.
However, MTX is not a versatile drug for all types of cancer
and development of its resistance is common. MTX is
apparently curative in choriocarcinoma and highly effective in
maintaining remission in children with acute leukemia. How-
ever, MTX is not good for inducing remission. A fixed-dose
combination is better opted.

4.2 MTX and RA at a glance
RA is an autoimmune disease comprising autoimmune and
inflammatory responses [107]. Zintzaras et al. has proved that
due to long-term efficacy in clinical practice, currently MTX
is the preferred disease-modifying antirheumatic drug but
not first among second-line antirheumatic drug for treatment
of patients with active RA [108,109]. However, many patients
did not experience remission and have continued signs
and symptoms of active disease while receiving a maximally
tolerated dose [109].

4.2.1 Specific pharmacology
MTX is widely accepted as the gold standard in RA treatment. It
potentially acts via antiproliferative, anti-inflammatory and/
or immunosuppression [110]. The anti-inflammatory activity of
MTX is mediated by suppression of activation and adhesion
molecule rather than lymphocyte apoptosis [111]. Though full
effect and mechanisms are still uncertain, the chemotherapy of
RA using MTX is anti-inflammatory than immunosuppressive.
The anti-inflammatory action of MTX in RA mainly acts by
inhibition of mediators of inflammation such as interleukins
(IL-1, IL-6, tumor necrosis factor 1 (TNF) activity and other
inflammatory cytokines). MTX also inhibits or decreases
aminoimidazo-carboxamide transformylase action and increases
adenosine release at its low dose [107].

4.2.2 Clinical use and indications
A guideline was prepared for the use of MTX in clinical treat-
ment of RA, which was based on its doses and routes of
administration, investigations, folate supplementation, opti-
mal management strategy, complete blood cell count, serum
transaminase levels, serum creatinine clearance, special con-
sideration chest radiograph, serological tests for the hepatitis
viruses B and C prior to starting MTX therapy [112]. Alefacept
(intramuscularly) in combination with MTX was adminis-
tered to assess the efficacy and safety in patients suffered
with psoriatic arthritis (PsA). After 12 weeks, observation of
PsA patient showed that combination was quite effective in
treatment of both psoriasis and PsA [113].

In order to assess the clinical benefits of long-term MTX
therapy for RA, 39 among 124 patients showed improvements.
However, nausea, stomatitis, hair loss, rash, pulmonary reac-
tions, elevated liver enzymes, hematologic abnormalities and
hepatic fibrosis were the adverse reactions associated with per-
manent discontinuation of MTX. It was concluded that the
main factor leading to discontinuation of MTX therapy was
adverse reaction [114]. To study the effect of folate supplement
during MTX therapy, out of 200 RA patients taking
low-dose MTX, 42 patients have shown elevation in mean
cell volume (MCV) whereas normal MCV were seen in
remaining 158 patients. In continuation of this, 198 patients
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Figure 3. (A) Comparative involvement of R&D of methotrexate (MTX) in different drug delivery systems. (B) Clinical

contribution of MTX in various diseases.

Khan, Tripathi & Mishra

Expert Opin. Drug Deliv. (2012) 9(2) 161

E
xp

er
t O

pi
n.

 D
ru

g 
D

el
iv

. D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

H
ac

et
te

pe
 U

ni
v.

 o
n 

12
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



were supplemented with oral folic acid and there was no signi-
ficant adverse effect to MTX therapy in folate-supplemented
patients except heart burn, which occurred only in the patients
with high MCV [115].
The efficacy, side effects and risk factors of low-dose MTX

in RA as second-line agent were studied by Schnabel. There is
less information available on tolerability, potency and safety
on psoriatic arthritis treatment with MTX but abundant
information available on systemic manifestation of RA, spon-
dyloarthritis and collagen vascular diseases. Treatment of
severe hemocytopenia and pneumonitis (life threatening) is
the major treatment concern with MTX rather than bothering
about its hepatotoxicity [116]. Pulmonary ‘hypersensitivity
reactions’ are one of the toxicity concerns in early RA
(1 -- 7.6%) and do not seem to be favorable but may be
used in conjugation with other drugs for the treatment of
early RA [117]. It has been reported that MTX should not be
used directly if nonsteroidal anti-inflammatory drugs fail, as
first among second-line antirheumatic. Its pulmonary toxicity
may lead to systemic fungal infections and unexplained
significant weight loss [111].

4.3 Medical termination of pregnancy using MTX

and misoprostol: what is the link?
4.3.1 Specific pharmacology
The mechanism by which MTX acts as an abortive agent is
described in Figure 1. The embryo in uterus is highly totipo-
tent. The totipotent nature of cells requires high degree of
protein synthesis for proper growth and differentiations.
The inhibition of DNA along with inhibition of protein syn-
thesis interferes embryonic cell division thus leads to abortion
or termination of pregnancy. MTX is used in conjunction
with misoprostol (an analog of prostaglandin E1). Misopros-
tol causes the softening of cervix and the contraction of
uterus by interacting with prostaglandin receptors resulting
in expulsion of the uterine contents [118].

4.3.2 Clinical use and indications
The usual dose employed is 50 mg/m2 MTX and 800 µg miso-
prostol for medical abortion. Creinin et al. studied the safety
and pharmacokinetic parameters of MTX given as either
50 mg/m2 (group I) or 60 mg/m2 (group II) in 20 women
for early abortion at randomized controlled trial, at £ 49 days
of gestation. MTX plasma level was monitored for 24 h interval
for 7 days followed by 800 µg misoprostol administered vagi-
nally on the 7th day of MTX administration. In group I
90% abortion occurred compared with 100% in group II.
Plasma Tmax was found to be 1 -- 2 h in both group and disap-
peared in 48 h in group I and 72 h in group II along with
higher plasma concentration and AUC [119].
In a multicenteric Cohort study, MTX, 50 mg/m2 intra-

muscularly, was administered followed by misoprostol
800 µg vaginally (5 -- 6 days later, repeated in 1 or 2 days in
the absence of abortion) in 25 pregnant adolescents (less
than 18 years old) up to 49 days of gestation. The result

showed 96% abortion, 92% immediate abortion and 17%
felt negative experience with single failure of abortion [120].
A multicenteric trial was employed by Creinin et al. with sim-
ilar dose regimen among 300 women seeking abortion. Of
that, 263 women had shown complete and immediate abor-
tion within 24 h following administration of misoprostol for
early 49 days of gestation. Vaginal bleeding lasted up to
14 ± 7 days and 11 ± 9 days as immediate success and delayed
success in the patients respectively [121]. Similar approach was
studied by Carbonell et al. with similar results [122].

The similar study of Ozeren to assess the fixed-dose combi-
nation and single-dose regimen of MTX and misoprostol,
with similar dose regimen out of 108 subjects (9 weeks of ges-
tation or less) showed complete 69% abortion in group
receiving 50 mg/m2 MTX only, 58% receiving 800 µg vaginal
misoprostol only and 89% abortion in group receiving com-
bination. The study suggested the fixed-dose combination
for effective abortion [123]. Many similar dose regimens of
MTX and misoprostol were employed clinically for efficacy
in medical abortion. All of these showed better with com-
bined dose regimen [124]. Stika et al. had assessed effect of
single-dose regimen of MTX in the treatment of ectopic preg-
nancy. Fifty patients with mean b-hCG level 1896.4 ±
2399 mlU/ml were given single-dose MTX according to the
protocol of Stovall et al. The result showed only 32.64%
abortion with average success rate of 78% in one to three
doses of MTX with lowering of b-hCG level and 22% failed
for termination and required surgery [125].

To compare the efficacy of tamoxifen along with MTX
followed by misoprostol, 198 women with less than 7 weeks
of gestation were given either 40 mg of tamoxifen followed
by 800 µg of misoprostol (2 -- 3 days later) vaginally or
50 mg/m2 of MTX followed by the same dose of misoprostol
(5 -- 7 days later) in Phase I. In Phase II, 20 mg tamoxifen
and rest similar dose regimen were used. Higher success rate
was found in MTX group (93.0%) compared with the tamo-
xifen group (85.7% requiring a surgical aspiration, with less
side effect compared with Phase II) in Phase I. In MTX group,
90.9% of abortion compared with 84.7% in the tamoxifen
group (p 5 0.20) were found in Phase II [126].

5. Conclusion

MTX, a DHFR inhibitor, is a promising agent for clinical
treatment of various diseases such as cancer, RA, psoriasis,
abortion and other autoimmune diseases. Safety margin of
MTX is narrow, thus treatment requires TDM to minimize
life-threatening adverse effects. Oral absorption of MTX is
capacity limited. Design of its controlled release formulation
in a novel drug delivery form could prove efficacious in avoid-
ing the plasma drug level fluctuations and also improve
patient compliance by reducing the dosing frequency for bet-
ter bioavailability than immediate-release formulation by per
oral route. Therapeutic efficacy of several novel drug delivery
approaches such as microspheres, nanoparticles, solid lipid
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nanoparticles, liposomes, prodrug and drug conjugates have
been studied and proved challenging advantageous tool to
minimize the adverse effects and maximize its therapeutic
outcome with site-specific drug delivery. The prodrug and
drug conjugate approach suits best for targeting and more
biocompatible than multiparticulate systems and could be
commercialized. Clinical trials for treatment of RA and cancer
have showed its broad-spectrum activity. Induction of

abortion along with misoprostol has been studied and showed
fruitful results when present in fixed-dose combination
than alone.

6. Expert opinion

The facts and figures described in this review give sufficient
evidence about the clinical efficacy of MTX along with its

Table 3. Different marketed products of methotrexate (MTX).

Dosage form Brand name Company Country Dose

Tablet IMUTREX� Cipla India 2.5 mg/7.5 mg/10 mg
Tablet METHOREX� Zydus (G.Rem) India 2.5 mg
Tablet MEXATE � Cadila HC India 2.5 mg/7.5 mg
Tablet NEOTREXATE� GSK India 2.5 mg
Tablet ONCOTREX� Sun India 2.5 mg/7.5 mg/10 mg
Tablet REMTREX� Alkem India 2.5 mg
Tablet Meisusheng� Hospira China 2.5 mg
Tablet Methotrexat Ebewe� Ferron/Ebewe Indonesia 2.5 mg
Tablet Emthexate� Pharmachemie Malaysia 2.5 mg
Tablet Methotrexate Orion Pharma Finland 10 mg
Tablet Maxtrex Pharmacia Ltd. New Jersey, United

Kingdom
2.5 and 10 mg

Tablet METHOBLASTIN Pfizer Ltd United Kingdom 2.5 and 10 mg
Tablet/Injection Trexan Orion Pharma Finland 2 and 10 mg
Tablet Methotrexate Sandoz Denmark 5 mg
Tablet Lantarel Wyeth

Pharmaceuticals Division
Germany 2.5, 7.5 and 10 mg

Tablet Emthexate ASTA Medica Australasia
Pty Ltd.

Netherlands, Belgium,
Norway, Portugal, Spain,
Greece

50 and 500 mg

Tablet DBL MTX� Hospira Singapore 2.5 mg
Capsule Rheumatrex� Wyeth Japan 2 mg
Capsule Methotrexate� Mylan Seiyaku Japan 2 mg
Capsule Methotrexate� Towa pharma Japan 2 mg
Injection IMUTREX� Cipla India 15 mg x 1 mL
Injection ONCOTREX� Sun India 10 mg x 1 mL
Injection MTX� GeneraMedix Inc USA 2 ml, 10 ml, 40 ml
Injection MTX Bolai Pharm China 100 mg � 1 mL
Injection MTX Pfizer China 50 mg/2 ml � 1 mL
Injectable ZEXATE FLAKON Pharmaceutical

Companie
Turkey 15 and 50 mg

Injection Farmitrexat
(Methotrexat-Dinatrium)

Pharmacia & Upjohn Germany 5,48 mg/21,92 mg/
54,8 mg/548 mg/
1096 mg/5480 mg

Injection Ledertrexate Wyeth
Pharmaceuticals Division

Netherlands, Belgium,
France, Portugal, Finland

5 and 25 mg

Injection Emthexate ASTA Medica Australasia
Pty Ltd.

Sweden, Spain 2.5, 5, 25 and 100 mg

Vial BIOTREXATE� Biochem India 5 mg x 1’s, 50 mg
Vial METHOREX� Zydus (G.Rem) India 5 mg/25 mg/100 mg x

1 mL
Vial Meisusheng� Hospira China 500 mg x 20 mL
Vial Methotrexat Ebewe� Ferron/Ebewe Indonesia 5 mg/1 mL
Vial Enbrel� Wyeth Malaysia 25 mg
Vial DBL MTX� Hospira Singapore 50 mg/2 mL
Vial Methotrexate Hospira UK Ltd. England 50 mg/2 ml, 250 mg/

10 ml and 500 mg/20 ml
Ampoule FOLITRAX� IPCA India 7.5 mg/15 mg x 1 mL
Ampoule Methotrexat Ebewe� Ferron/Ebewe Indonesia 5 mg/1 mL
Gel REXTOP� Systopic India 1% w/w x 10 g/20 g
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superiority related to its safety profile over its wide use as con-
ventional dosage forms. The attention should be paid on its
clinical application, which must be a site-specific treatment
rather than exposure to the whole body. The said aim could
efficaciously be achieved by various multiparticulate systems
such as nanoparticles, solid lipid nanoparticles and liposomes
for targeting of various forms of malignancy and RA. Though
multiparticulate and novel approaches such as prodrug and
drug conjugates have proved successful platform to meet this
ultimate goal, the application and research are limited to
research laboratory rather than industrial and clinical applica-
tions (Figure 3A). Major limitations are stability, scaling-up
(problem associated with pharmaceutical commercialization)
and lack of knowledge by clinicians or physicians. In spite
of huge R&D and advantage of novel drug delivery sys-
tems, pharmaceutical market is still dominated by conven-
tional formulations that are cheap and easy to manufacture
(Table 3, Figure 4).
Fixed-dose combination of MTX with other drugs

should also be formulated and clinically tested for clinical
trial in treatment of cancer, abortion, RA, psoriasis, clinical
treatment of leishmaniasis and other autoimmune diseases.
The ongoing research and clinical trials of drug delivery
systems of MTX require more attention to make more
approachable and affordable treatment to the patients.
The research is of no more importance until it is able to

be commercialized and consumed by patients. Therefore,
there is a need to design and develop various simple, cost-
effective, efficacious dosage forms and also to upgrade exist-
ing manufacturing skills at commercial point of view,
which can open alternative horizons and new avenues in
the field of drug delivery.

The remarkable research approaches have been highlighted
in this review, which require special attention of clinicians
who are practicing over only its conventional dosage forms.
Another problem associated to manufacturing technology
and scaling-up of its novel drug delivery systems requires
more attention of pharmaceutical experts to refine such tech-
nologies that could be utilized in the scaling-up of such novel
formulation in a more economical way. Apart from above dis-
cussion, health, environmental and socioeconomic hazards are
the other unavoidable risks in pharmaceutical practice of
nanotechnology. Therefore, these unstudied areas provide
upcoming opportunity for researchers, clinicians and health
specialists, especially those experts related to cancer and rheu-
matoid disease, to work together and explore the treatment
benefits of this drug to the patients.
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Figure 4. Available dosage forms of methotrexate (MTX) in various national and international markets.

Methotrexate

164 Expert Opin. Drug Deliv. (2012) 9(2)

E
xp

er
t O

pi
n.

 D
ru

g 
D

el
iv

. D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

H
ac

et
te

pe
 U

ni
v.

 o
n 

12
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Bibliography
Papers of special note have been highlighted as

either of interest (�) or of considerable interest
(��) to readers.

1. Meyer LM, Miller FR, Rowen MJ, et al.

Treatment of Acute Leukemia with

Amethopterin (4-amino, 10-methyl

pteroyl glutamic acid). Acta Haematol

1950;9:157-67

2. Cronstein BN, Bertino JR. 2000.

"Methotrexate: historical aspects".

Methotrexate. Basel: Birkhauser.

ISBN 978-3-7643-5959-1.

<http://books.google.co.in/books?

id=VCAFHzHAotsC&hl=en>.

[Last accessed on 30 August 2011]

3. Available from: http://arthritis.about.

com/od/mtx/p/methotrexate.htm [Last

accessed on 01 May 2011]

4. Marven PA. FDA approves remicade

(infliximab)/methotrexate combination to

improve physical function in rheumatoid

arthritis. Doctor’s Guide. 2002. Available

from: http://www.docguide.com/news/

content.nsf/news/

8525697700573E1885256B6E00574353

[Last accessed on 02 May 2011]

5. Kasim NA, Whitehouse M,

Ramachandran C, et al. Molecular

properties of WHO essential drugs and

provisional Biopharmaceutical

Classification. Mol Pharm 2003;1:85-96

6. Fortea TC, Casabo VG, Nacher A, et al.

Evidence of competitive inhibition of

methotrexate absorption by leucovorin

calcium in rat small intestine.

Int J Pharm 1997;155:109-19

7. Bremnes RM, Slordal L, Wist E, et al.

Dose-dependent pharmacokinetics of

methotrexate and 7-hydroxy methotrexate

in the rat in vivo. Cancer Res

1989;49:6359-64

8. Teresi ME, Crom WR, Choi KE, et al.

Methotrexate bioavailability after oral

and intramuscular administration in

children. J Pediatr 1987;110:788-92
. Effect of route of administration

pharmacokinetics of the MTX.

9. Regenthal R, Krueger M, Koeppel C,

et al. Drug levels: Therapeutic and toxic

serum/plasma concentrations of common

drugs. J Clin Monit 1999;15:529-44

10. Seidel H, Andersen A, Kvaloy JT, et al.

Variability in methotrexate serum and

cerebrospinal fluid pharmacokinetics in

children with acute lymphocytic

leukemia: relation to assay methodology

and physiological variables. Leuk Res

2000;24:193-9

11. Said S, Jeffes EWB, Weinstein GD.

Systemic treatment: methotrexate.

Clin Dermatol 1997;15:781-97

12. Stanley L, Marks P, Vulliet R, et al.

Dietary composition alters methotrexate

toxicity without changing its

pharmacokinetic parameters in cats.

Nutr Biochem 1997;8:79-84

13. Genestier L, Paillot R, Quemeneur L,

et al. Mechanisms of action of

methotrexate. Immunopharmacology

2000;47:247-57
.. Mechanism of action and brief

pharmacology of MTX.

14. Savion S, Shtelman E, Orenstein H,

et al. Bax-associated mechanisms

underlying the response of embryonic

cells to methotrexate. Toxicol in Vitro

2009;23:1062-8

15. Moisa A, Fritz P, Benz D, et al.

Iatrogenically-related, fatal methotrexate

intoxication: a series of four cases.

Forensic Sci Int 2006;156:154-7

16. Chianga HM, Fang SH, Wen KC, et al.

Life-threatening interaction between the

root extract of Pueraria lobata and

methotrexate in rats.

Toxicol Appl Pharmacol 2005;209:263-8

17. Giverhaug T, Loennechen T, Aarbakke J.

The interaction of 6-mercaptopurine

(6-MP) and methotrexate.

Gen Pharmacol 1999;33:341-6

18. Methotrexate. CCO Formulary Revised

2006/2007. Available from: http://www.

cancercare.on.ca/pdfdrugs [Last accessed

on 22 December 2010]

19. Fuksa L, Brcakova E, Kolouchova G,

et al. Dexamethasone reduces

methotrexate biliary elimination and

potentiates its hepatotoxicity in rats.

Toxicology 2010;267:165-71

20. Bonetti A, Chatelut E, Kim S. An

extended-release formulation of

methotrexate for subcutaneous

administration.

Cancer Chemother Pharmacol

1994;33:303-6

21. Chatelut E, Suh P, Kim S.

Sustained-release methotrexate for

intracavitary chemotherapy. J Pharm Sci

1994;83:429-32

22. Chatelut E, Kim T, Kim S.

A slow-release methotrexate formulation

for intrathecal chemotherapy.

Cancer Chemother Pharmacol

1993;32:179-82

23. Singh UV. Udupa N. methotrexate

loaded chitosan and chitin

microspheres----in vitro characterization

and pharmacokinetics in mice bearing

Ehrlich ascites carcinoma.

J Microencapsul 1998;15:581-94

24. Karasulu HY, Karabulut B, Goker E,

et al. Controlled release of methotrexate

from w/o microemulsion and its in vitro

antitumor activity. Drug Deliv

2007;14:225-33

25. Lebugle A, Rodrigues A, Bonnevialle P,

et al. Study of implantable calcium

phosphate systems for the slow release of

methotrexate. Biomaterials

2002;23:3517-22

26. Wang F, Jiang X, Lu W. Profiles of

methotrexate in blood and CSF

following intranasal and intravenous

administration to rats. Int J Pharm

2003;263:1-7

27. Stewart GE II, Diaz JD, Lockey RF,

et al. Comparison of oral pulse

methotrexate with placebo in the

treatment of severe

glucocorticosteroid-dependent asthma.

J Allergy Clin Immunol 1994;94:482-9

28. Doddoli C, Ghez O, Baresi F, et al. In

vitro and in vivo methotrexate

disposition in alveolar macrophages:

comparison of pharmacokinetic

parameters of two formulations.

Int J Pharm 2005;297:180-9

29. Li Y, Vijayanathan V, Gulinello M, et al.

Intrathecal methotrexate induces focal

cognitive deficits and increases

cerebrospinal fluid homocysteine.

Pharmacol Biochem Behav

2010;95:428-33

30. Choudhury RC, Ghosh SK, Palo AK.

Cytogenetic toxicity of methotrexate in

mouse bone marrow.

Environ Toxicol Pharmacol

2000;8:191-6

31. Narayani R, Rao KP. Biodegradable

conjugates microspheres using two

different gelatin drug for the controlled

delivery of methotrexate. Int J Pharm

1996;128:261-8

32. Devineni D, Blanton CD, Gallo JM.

Preparation and in vitro evaluation of

magnetic microsphere- methotrexate

Khan, Tripathi & Mishra

Expert Opin. Drug Deliv. (2012) 9(2) 165

E
xp

er
t O

pi
n.

 D
ru

g 
D

el
iv

. D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

H
ac

et
te

pe
 U

ni
v.

 o
n 

12
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



conjugate drug delivery systems.

Bioconjug Chem 1995;6:203-10

33. Singh UV, Udupa N. In vitro

characterization of methotrexate loaded

poly(lactic-co-glycolic) acid microspheres

and antitumor efficacy in

Sarcoma-180 mice bearing tumor.

Pharm Acta Helv 1997;72:165-73

34. Narayani R, Rao KP. Solid tumor

chemotherapy using injectable gelatin

microspheres containing free

methotrexate and conjugated

methotrexate. Int J Pharm

1996;142:25-32

35. Lee KC, Lee YJ, Kim WB, et al.

Monoclonal antibody-based targeting of

methotrexate -loaded microspheres.

Int J Pharm 1990;59:27-33

36. Kim CK, Hwang SJ, Lee MG. The

organ targetability of small and large

albumin microspheres containing free

and HSA conjugated methotrexate.

Int J Pharm 1993;89:91-02

37. Comiskey SJ, Heath TD. Leakage and

delivery of liposome-encapsulated

methotrexate -gamma-aspartate in a

chemically defined medium.

Biochim Biophys Acta Biomembr

1990;1024:307-17

38. Heath TD, Lopez NG,

Papahadjopoulos D. The effects of

liposome size and surface charge on

liposome-mediated delivery of

methotrexate -gamma-aspartate to cells in

vitro. Biochim Biophys Acta Biomembr

1985;820:74-84

39. Kotsifaki H, Kapoulas V,

Deliconstantinos G. Targeting of

liposomes containing methotrexate

towards Tetrahymena pyriformis cells.

Gen Pharmacother Vasc Syst

1985;16:573-7

40. Needham D, Dewhirst MW. The

development and testing of a new

temperature -- sensitive drug delivery

system for the treatment of solid tumors.

Adv Drug Deliv Rev 2001;53:285-05

41. Zhua L, Huoa Z, Wanga L, et al.

Targeted delivery of methotrexate to

skeletal muscular tissue by

thermosensitive magnetoliposomes.

Int J Pharm 2009;370:136-43

42. Jones MN, Hudson MJH. The targeting

of immunoliposomes to tumour cells

(A431) and the effects of encapsulated

methotrexate. Biochim Biophys

Acta Biomembr 1993;1152:231-42

43. Kim CK, Choi YJ, Jeong L S, et al.

Lymph node targeting and

pharmacokinetics of [3H] methotrexate

encapsulated neutral large unilamellar

vesicles and immunoliposomes.

Int J Pharm 1993;98:9-18

44. Boggs JM., Goundalkar A, Doganoglu F,

et al. Antigen-targeted

liposome-encapsulated methotrexate

specifically kills lymphocytes sensitized to

the nonapeptide of myelin basic protein.

J Neuroimmunol 1987;17:35-48

45. Noe C, Borrell JH, Kinsky SC, et al.

Inhibition of cell proliferation with

antibody-targeted liposomes containing

methotrexate -gamma-dimyristoyl

phosphatidyl ethanolamine.

Biochim Biophys Acta Biomembr

1988;946:253-60

46. Singh M, Ghose T, Mezei M, et al.

Inhibition of human renal cancer by

monoclonal antibody targeted

methotrexate -containing liposomes in an

ascites tumor model. Cancer Lett

1991;56:97-02

47. Trotta M, Peira E, Carlotti ME, et al.

Deformable liposomes for dermal

administration of methotrexate.

Int J Pharm 2004;270:119-25

48. Biswal S, Murthy PN, Sahu J, et al.

Vesicles of non-ionic surfactants

(niosomes) and drug delivery potential.

Int J Pharm Sci Nanotechnol 2008;1:1-8

49. Azmin MN, Florence AT,

Handjani-Vila RM, et al. The effect of

non-ionic surfactant vesicle (niosome)

entrapment on the absorption and

distribution of methotrexate in mice.

J Pharm Pharmacol 1985;37:237-42

50. Byrne JD, Betancourt T,

Brannon-Peppas L. Active targeting

schemes for nanoparticles systems in

cancer therapeutics. Adv Drug Deliv Rev

2008;60:1615-26

51. Mohanraj VJ, Chen Y. Nanoparticles --

A Review. Trop J Pharm Res

2006;5:561-73

52. Gao K, Jiang X. Influence of particle size

on transport of methotrexate across

blood brain barrier by polysorbate

80-coated polybutyl cyanoacrylate

nanoparticles. Int J Pharm

2006;310:213-19
. Targeting of nanoparticles of MTX to

the brain.

53. Yang X, Zhang Q, Wang Y, et al.

Self-aggregated nanoparticles from

methoxy poly(ethylene glycol)-modified

chitosan: synthesis; characterization;

aggregation and methotrexate release in

vitro. Colloids Surf B Biointerfaces

2008;61:125-31

54. Lu W, Wan J, She Z, et al. Brain

delivery property and accelerated blood

clearance of cationic albumin conjugated

pegylated nanoparticle. J Control Release

2007;118:38-53

55. Utreja S, Khopade AJ, Jain NK.

Lipoprotein-mimicking biovectorized

systems for methotrexate delivery.

Pharm Acta Helv 1999;73:275-9

56. Mulla JA, Khazi IA, Jamkandi VG. Icbn

Poster Session. The preliminary program

for SBE’s 4th international conference on

bioengineering and nanotechnology

(ICBN). Available from: http://aiche.

confex.com/aiche/ICBN08/

preliminaryprogram/abstract_136778.htm

[Last accessed on 23 December 2010]

57. Ruckmani K, Sivakumar M,

Ganeshkumar PA. Methotrexate loaded

solid lipid nanoparticles (SLN) for

effective treatment of carcinoma.

J Nanosci Nanotechnol 2006;6:2991-5

58. Kalariya M, Padhi BK, Chougule M,

et al. Methotrexate-loaded solid lipid

nanoparticles for topical treatment of

psoriasis: formulation & clinical

implications. Drug Deliv Technol

2002;5:1-13

59. Singka GSL, Samah NA, Zulfakar MH,

et al. Enhanced topical delivery and

anti-inflammatory activity of

methotrexate from an activated nanogel.

Eur J Pharm Biopharm 2010;76:275-81

60. Mishra PR, Jain NK. Biotinylated

methotrexate loaded erythrocytes for

enhanced liver uptake. A study on the

rat. Int J Pharm 2002;231:145-53

61. Trotta M, Pattarino F, Gasco MR.

Influence of counter ions on the skin

permeation of methotrexate from

water-oil microemulsions.

Pharm Acta Helv 1996;71:135-40

62. Paliwal R, Paliwal SR, Mishra N, et al.

Engineered chylomicron mimicking

carrier emulsome for lymph targeted oral

delivery of methotrexate. Int J Pharm

2009;380:181-8

63. Kang H, Kim JD, Han SH, et al.

Self-aggregates of poly(2-hydroxyethyl

aspartamide) copolymers loaded with

methotrexate by physical and chemical

Methotrexate

166 Expert Opin. Drug Deliv. (2012) 9(2)

E
xp

er
t O

pi
n.

 D
ru

g 
D

el
iv

. D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

H
ac

et
te

pe
 U

ni
v.

 o
n 

12
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



entrapments. J Control Release

2002;81:135-44

64. Dhanikula RS, Hildgen P. Influence of

molecular architecture of

polyether-co-polyester dendrimers on the

encapsulation and release of

methotrexate. Biomaterials

2007;28:3140-52

65. Kukowska-Latallo JF, Candido KA,

Cao Z, et al. Nanoparticle targeting of

anticancer drug improves therapeutic

response in animal model of human

epithelial cancer. Cancer Res

2005;65:5317-24
. Targeting of anticancer drugs

through nanoparticles

66. Takakura Y, Hashida M.

Macromolecular drug carrier systems in

cancer chemotherapy: macromolecular

prodrugs. Crit Rev Oncol Hematol

1995;18:207-31
.. Basic concept of prodrug and

its targeting.

67. Fitzpatrick JJ, Garnett MC. Studies on

the mechanism of action of an

methotrexate -HSA-MoAb conjugate.

Anticancer Drug Des 1995;1:11-24
.. MTX in cancer treatment management

and mechanism of action.

68. Hudecz F, Clegg JA, Kajtar J, et al.

Influence of carrier on biodistribution

and in vitro cytotoxicity of methotrexate

-branched polypeptide conjugates.

Bioconjug Chem 1993;4:25-33

69. Huennekens FM. Development of

methotrexate alpha-peptides as prodrugs

for activation by enzyme-monoclonal

antibody conjugates. Adv Enzyme Regul

1997;37:77-92

70. Bowman BJ, Ofner CM.

Characterization and in vitro

methotrexate release from methotrexate/

gelatin conjugates of opposite conjugate

bond polarity. Pharm Res

2000;17:1309-5

71. Wu Z, Shah A, Patel N, et al.

Development of methotrexate proline

prodrug to overcome resistance by

MDA-MB-231 cells. Bioorg Med

Chem Lett 2010;20:5108-12

72. Affleck K, Embleton MJ. Monoclonal

antibody targeting of methotrexate

against methotrexate -resistant

tumour cell lines. Br J Cancer

1992;65:838-44

73. Ballou B, Jaffe R, Persiani S, et al. Tissue

localization of methotrexate -monoclonal-

IgM immunoconjugates:

anti-SSEA-1 and MOPC 104E in mouse

tetracarcinomas and normal tissues.

Cancer Immunol Immunother

1992;35:251-6

74. Endo N, Takeda Y, Kishida K, et al.

Target-selective cytotoxicity of

methotrexate conjugated with

monoclonal anti-MM46 antibody.

Cancer Immunol Immunother

1987;25:1-6

75. Boratynski J, Opolski A, Wietrzyk J,

et al. Cytotoxic and antitumor effect of

fibrinogen- methotrexate conjugate.

Cancer Lett 2000;148:189-95

76. Calderon MR, Graeser Kratz F, et al.

Development of enzymatically cleavable

prodrugs derived from dendritic

polyglycerol. Bioorg Med Chem Lett

2009;19:3725-8

77. Shen WC, Du X, Feener EP, et al. The

intracellular release of methotrexate from

a synthetic drug carrier system targeted

to fc receptor-bearing cells.

J Control Release 1989;10:89-96

78. Endo N, Kato Y, Takeda Y, et al. In

vitro cytotoxicity of a human serum

albumin-mediated conjugate of

methotrexate with

anti-mm46 monoclonal antibody.

Cancer Res 1987;47:1076-80

79. Lim CR, Oh KH, Kim KM, et al. The

enhancement of liver targetability of

[3H] methotrexate -galactosylated serum

albumin conjugate in mice. Int J Pharm

1996;32:175-82

80. Okarvi SM, Jammaz IA. Synthesis and

evaluation of a technetium-99m labeled

cytotoxic bombesin peptide conjugate for

targeting bombesin receptor-expressing

tumors. Nucl Med Biol 2010;37:277-88

81. Kosasih A, Bowman BJ, Wigent RJ,

et al. Characterization and in vitro release

of methotrexate from gelatin/

methotrexate conjugates formed using

different preparation variables.

Int J Pharm 2000;204:81-9

82. Ofner CM, Pica K, Bowman BJ, et al.

Growth inhibition, drug load, and

degradation studies of gelatin/

methotrexate conjugates. Int J Pharm

2006;308:90-9

83. Smal MA, Dong Z, Cheung HTA, et al.

Activation and cytotoxicity of

2-a-aminoacyl prodrugs of methotrexate.

Cancer Lett 2000;148:189-95

84. Vitols KS, Haag-Zeino B, Baer T, et al.

Methotrexate -alpha-phenylalanine:

optimization of methotrexate prodrug for

activation by carboxypeptidase

a-monoclonal antibody conjugate.

Cancer Res 1995;55:478-81

85. Perron MJ, Page M. Activation of

methotrexate -phenylalanine by

monoclonal antibody carboxypeptidase

A conjugate for the specific treatment of

ovarian cancer in vitro. Br J Cancer

1996;73:281-7

86. Pignatello R, Spampinato G, Sorrenti V,

et al. Lipophilic methotrexate conjugates

with antitumor activity. Eur J Pharm Sci

2000;10:237-45

87. Li Y, Kwon GS. Micelle-like structures

of poly(ethyleneoxide)-block-poly(2-

hydroxyethyl aspartamide)- methotrexate

conjugates. Colloids Surf B Biointerfaces

1999;16:217-26

88. Kaasgaarda T, Andresena TL, Jensen SS,

et al. Liposomes containing alkylated

methotrexate analogues for phospholipase

A2 mediated tumor targeted drug

delivery. Chem Phys Lipids

2009;157:94-03

89. Santos MA, Enyedy EA, Nuti E, et al.

Methotrexate gamma-hydroxamate

derivatives as potential dual target

antitumor drugs. Bioorg Med Chem

2007;15:1266-74

90. Mctavish H, Griffin RJ, Kaoru T, et al.

Novel insulin-like growth factor-

methotrexate covalent conjugate inhibits

tumor growth in vivo at lower dosage

than methotrexate alone. Transl Res

2009;153:275-82

91. Subr V, Strohalm J, Hirano T, et al.

Poly[N-(2-hydroxypropyl)

methacrylamide] conjugates of

methotrexate synthesis and in vitro drug

release. J Control Release

1997;49:123-32

92. Fitzpatrick JJ, Garnett MC. Design,

synthesis and in vitro testing of

methotrexate carrier conjugates linked via

oligopeptide spacers.

Anticancer Drug Des 1995;10:1-9

93. Senter PD, Springer CJ. Selective

activation of anticancer prodrugs by

monoclonal antibody--enzyme conjugates.

Adv Drug Deliv Rev 2001;53:247-64
. Antibody-directed enzyme prodrug

conjugation therapy (ADEPT) and its

mechanism of action.

Khan, Tripathi & Mishra

Expert Opin. Drug Deliv. (2012) 9(2) 167

E
xp

er
t O

pi
n.

 D
ru

g 
D

el
iv

. D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

H
ac

et
te

pe
 U

ni
v.

 o
n 

12
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



94. Smith GK, Banks S, Blumenkopf TA,

et al. Toward antibody-directed enzyme

prodrug therapy with the T268G mutant

of human carboxypeptidase A1 and novel

in vivo stable prodrugs of methotrexate.

J Biol Chem 1997;272:15804-16

95. Pietersz GA, Cunningham Z,

McKenzi IFC. Specific in vitro

anti-tumour activity of methotrexate

monoclonal antibody conjugates prepared

using human serum albumin as an

intermediary. Immunol Cell Biol

1988;66:43-9

96. Homma A, Sato H, Okamachi A, et al.

Novel hyaluronic acid-- methotrexate

conjugates for osteoarthritis treatment.

Bioorg Med Chem 2009;17:4647-56

97. Chakraborty P, Bhaduri AM, Das PK.

Sugar receptor mediated drug delivery to

macrophage in the therapy of

experimental visceral leishmaniasis.

Biochem Biophys Res Commun

1990;166:404-10

98. Chakraborty P, Bhaduri AM, Das PK.

Neoglycoproteins as carriers for

receptor-mediated drug targeting in the

treatment of experimental visceral

leishmaniasis. J Protozool

1990;37:358-64

99. Mukhopadhyay A, Chaudhuri G,

Arora SK, et al. Receptor mediated drug

delivery to macrophages in chemotherapy

of leishmaniasis. Science 1989;244:705-7

100. Chaudhuri G, Mukhopadhyay A,

Basu SK. Selective delivery of drug to

macrophages through a highly specific

receptor: an efficient chemotherapeutic

approach against leishmaniasis.

Biochem Pharmacol 1989;38:2995-02

101. Roth BJ, Bajorin DF. Advanced bladder

cancer: the need to identify new agents

in the post-m-vac (methotrexate,

vinblastine, doxorubicin and cisplatin).

J Urol 1995;153:894-900

102. Chan KKL, Huang Y, Tam KF, et al.

Single dose methotrexate regimen in the

treatment of low-risk gestational

trophoblastic neoplasia. Am J

Obstet Gynecol 2006;195:1282-6

103. Lurain JR, Elfstrand EP. Single-agent

methotrexate chemotherapy for the

treatment of nonmetastatic gestational

trophoblastic tumors. Am J

Obstet Gynecol 1995;172:574-9

104. Kohne CH, Harstrick A,

Schoffski WHP, et al. Modulation of

5Fluorouracil with methotrexate and

low-dose N-(phosphonacetyl)-L-aspartate

in patients with advanced colorectal

cancer. Results of a phase II study.

Eur J Cancer 1997;33:1896-9

105. Uluoglu C, Oguz A, Timlioglu O, et al.

Intermediate dose of methotrexate

toxicity in non-Hodgkin lymphoma.

Gen Pharmacol 1999;32:215-18

106. Guardiola E, Peyrade F, Chaigneau L,

et al. Results of a randomised phase II

study comparing docetaxel with

methotrexate in patients with recurrent

head and neck cancer. Eur J Cancer

2004;40:2071-6

107. Segal R, Yaron M, Tartakovsky B.

Methotrexate: mechanism of action in

rheumatoid arthritis.

Semin Arthritis Rheum 1990;20:190-200
. Pharmacology of MTX in

rheumatoid arthritis.

108. Furst DE. Proposition: methotrexate

should not be the first second-line agent

to be used in rheumatoid arthritis if

NSAIDs fail. Semin Arthritis Rheum

1990;20:69-75
.. Clinical indications of MTX in RA.

109. Zintzaras E, Dahabreh IJ, Giannouli S,

et al. Infliximab and methotrexate in the

treatment of rheumatoid arthritis:

a systematic review and meta-analysis of

dosage regimens. Clin Ther

2008;30:1939-55

110. Xinqiang S, Fei L, Nan L, et al.

Therapeutic efficacy of experimental

rheumatoid arthritis with low-dose

methotrexate by increasing partially

CD4+ CD25+ Treg cells and inducing

Th1 to Th2 shift in both cells and

cytokines. Biomed Pharmacother

2010;64:463-71

111. Johnston A, Gudjonsson JE,

Sigmundsdottir H, et al. The

anti-inflammatory action of methotrexate

is not mediated by lymphocyte apoptosis,

but by the suppression of activation and

adhesion molecules. Clin Immunol

2005;11:154-63
. Clinical indications of MTX in RA.

112. Pavy S, Constantin A, Pham T, et al.

Methotrexate therapy for rheumatoid

arthritis: clinical practice guidelines based

on published evidence and expert

opinion. Joint Bone Spine

2006;73:388-95

113. Mease PJ, Reich K. Alefacept with

methotrexate for treatment of psoriatic

arthritis: open-label extension of a

randomized, double-blind,

placebo-controlled study. J Am

Acad Dermatol 2009;60:402-11

114. Scully CJ, Anderson CJ, Cannon GW.

Long-term methotrexate therapy for

rheumatoid arthritis.

Semin Arthritis Rheum 1991;20:317-31

115. Stewart KA, Mackenzie AH, Clough JD,

et al. Folate supplementation in

methotrexate treated rheumatoid arthritis

patients. Semin Arthritis Rheum

1991;20:332-8

116. Schnabel A, Gross WL. Low-dose

methotrexate in rheumatic diseases,

efficacy, side effects, and risk factors for

side effects. Semin Arthritis Rheum

1994;23:310-27
. Low dose MTX and its role in RA.

117. Furst DE. Should methotrexate be used

to treat early rheumatoid arthritis?

Semin Arthritis Rheum 1994;23:39-43

118. Pymar HC, Creinin MD. Alternatives to

mifepristone regimens for medical

abortion. Am J Obstet Gynecol

2000;183:S54-64

119. Creinin MD, Krohn MA. Methotrexate

pharmacokinetics and effects in women

receiving methotrexate 50 mg and 60 mg

per square meter for early abortion. Am J

Obstet Gynecol 1997;177:1444-9
. Pharmacokinetics of MTX in

termination of pregnancy.

120. Creinin MD, Wiebe E, Gold M.

Methotrexate and misoprostol for early

abortion in adolescent women. J Pediatr

Adolesc Gynecol 1999;12:71-7
. Clinical application of fixed-dose

combination of MTX with misoprostol

in abortion.

121. Creinin MD, Vittinghofft E. Keder

Li, et al. Methotrexate and misoprostol

for early abortion: a multicenter trial I.

Safety and efficacy. Contraception

1996;53:321-2

122. Carbonell JLL, Varela L, Velazco A,

et al. Oral methotrexate and vaginal

misoprostol for early abortion.

Contraception 1998;57:83-8

123. Ozeren M, Cand B, Aydemir V, et al.

Methotrexate and misoprostol used alone

or in combination for early abortion.

Contraception 1999;59:389-94

124. Wiebe ER. Abortion induced with

methotrexate and misoprostol:

a comparison of various protocols.

Contraception 1997;55:159-63

125. Stika CS, Anderson L, Frederiksen MC.

Single-dose methotrexate for the

Methotrexate

168 Expert Opin. Drug Deliv. (2012) 9(2)

E
xp

er
t O

pi
n.

 D
ru

g 
D

el
iv

. D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

H
ac

et
te

pe
 U

ni
v.

 o
n 

12
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



treatment of ectopic pregnancy:

Northwestern Memorial Hospital

three-year experience. Am J

Obstet Gynecol 1996;174:1840-8

126. Wiebe ER. Tamoxifen compared to

methotrexate when used with misoprostol

for abortion. Contraception

1999;59:265-70

127. Uwai Y, Saito H, Inui K. Interaction

between methotrexate and nonsteroidal

anti-inflammatory drugs in organic anion

transporter. Eur J Pharmacol

2000;409:31-6

Affiliation
Zulfequar Ahamad Khan1, Rahul Tripathi1 &

Brahmeshwar Mishra†1,2

†Author for correspondence
1Banaras Hindu University, Institute of

Technology, Department of Pharmaceutics,

Varanasi-221005, India
2Professor of Pharmaceutics,

Banaras Hindu University, Institute of

Technology, Department of Pharmaceutics,

Varanasi-221005, India

Tel: +91 542 26702748; Fax: +91 542 2368428;

E-mail: bmishrabhu@rediffmail.com

Khan, Tripathi & Mishra

Expert Opin. Drug Deliv. (2012) 9(2) 169

E
xp

er
t O

pi
n.

 D
ru

g 
D

el
iv

. D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

H
ac

et
te

pe
 U

ni
v.

 o
n 

12
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.


